The commercialization of proton exchange membrane fuel cells (PEMFCs) is still restricted by the well-known dilemma, that is, the heavy dependence of using expensive plantinum (Pt) catalyst to negotiate the sluggish oxygen reduction reaction (ORR) kinetics in fuel cell cathodes. Here, a carbon-supported PtCo2Ni2 alloy catalyst with low Pt usage was synthesized via a simple method, which exhibited exceptional ORR activity with a more positive half-wave potential (E1/2) ~57 mV, which was more positive than the state-of-the-art Pt/C catalysts. Moreover, the alloy catalyst performs excellent durability after 10,000 harsh cycles compared with that of Pt/C catalyst in acidic solution, which may be developed as a promising alternative for Ptbased catalysts in fuel cell technology.
elements such as Pd, Ni, and Cu by taking advantages of the altered electronic structure of Pt and the favorable surface composition of the alloy electrocatalyst [18, 21, 24, 35, 36] . For instance, a mixed PtPd alloy surface could be obtained by surface atomic redistribution of ternary PtPdCu upon potential cycling in an acidic electrolyte, and the distinctive topmost layer played a key role in the enhancement of catalytic activity [35] . Moreover, we found that mixed-PtPdshell ternary PtPdCu nanoparticle nanotubes also showed significant enhancement for ORR by using copper nanowires as templates [18] . The c ore/shell Pd/PtFe catalysts also show improved ORR activity and durability, which is highly associated with the FePt shell thickness [37] . It is believed that the arrangement of composition of the topmost layer, and rationally introducing foreign metals to modify the electronic structure of Pt are critical factors to enhance the electrochemical performance of Pt-based ORR catalysts [38] .
On the other hand, carbon support technology has been verified to be an effective way to boost the catalytic activity of Pt-based catalysts and to avoid nanoparticle aggregation, thus effectively reducing Pt usage and lowering the fuel-cell cost [39−41] . Herein, we report a facile method to directly load PtCo 2 Ni 2 trimetallic alloy onto Vulcan carbon and its fabrication is simple, economic, and easily scaled up. The atomic ratio of Pt, Co, and Ni in the catalysts can be tuned through a thermal treatment way and h ighly active CoNi/Pt core/shell structure was achieved at the annealing temperature of 600°C, which exhibited exceptional ORR activity with onset potential of 0.98 V and a 57 mV positive shift of E 1/2 as compared with commercial Pt/C catalyst. The alloy catalyst performs excellent durability after 10,000 ORR potential cycles.
The process of depositing PtCo 2 Ni 2 ternary alloy nanoparticles (NPs) onto Vulcan XC-72R were illustrated in Fig. 1 . A typical transmission electron microscopy (TEM) image shows that the particles are fairly well dispersed on the carbon support and h ave an average size of ~5.2 nm (Fig. 2a and inset) , but some agglomerates of particles are sporadically observed possibly due to the relative low surface area of Vulcan XC-72R [42] . High resolution TEM (HRTEM) image of PtCo 2 Ni 2 NPs reveals that the resolved lattice fringes of (111) planes with a spacing of 2.21 Å (Fig.  2b) , as well as (220) plane with a spacing of 1.35 Å. The selected-area electron diffraction (SAED) pattern (inset in Fig. 2b) shows concentric rings that are indexed to the (200), and (311) planes of PtCo 2 Ni 2 NPs. The X-ray diffraction (XRD) pattern (Fig. 2c) shows that three diffraction peaks are corresponding to (111), (200), and (220) facets of a face-centered-cubic (fcc) structure. It should be noted that the broad diffraction peak around 2θ = 25° is indexed to the (002) plane of the carbon support. Compared with the standard diffraction patterns of pure Pt, all the diffraction peaks shift to higher angles owing to the replacement of smaller Co and Ni metal atoms. There is no observation of any impurity peaks of pure Pt, pure Co, or pure Ni, indicating only single PtCo 2 Ni 2 phase in the sample.
The formation of PtCo 2 Ni 2 /carbon ternary alloy was further confirmed by scanning TEM energy dispersive X-ray spectroscopy (STEM-EDS) elemental mapping (Fig.  2d) . The corresponding elemental maps of Co, Ni, Pt and their overlap indicate that all the three elements are evenly distributed in the nanostructure. The inductively coupled plasma atomic emission spectroscopy (ICP-AES) results suggest that the bulk atomic ratio of Pt, Co, and Ni are 22:39:39, and the composition of Pt, Co, and Ni can be tuned by changing the molar ratio of corresponding precursors during the reactions (Fig. S1 ).
The as-prepared PtCo 2 Ni 2 /C was annealed under 5% H 2 balanced Ar atmosphere at 400, 600 and 800°C (denoted as C400, C600, and C800, respectively. Fig. S2 ) to remove the surface organic molecular and modify the surface atomic structure of PtCo 2 Ni 2 alloy [43] . X-ray photoelectron spectroscopy (XPS) was employed to ascertain the modification of surface atomic structure of C400, C600, and C800. As shown in Fig. 3a , doublet peaks at ~71.5 and 75 eV are clearly observed, which are attributed to Pt4f 7/2 and Pt4f 5/2 , respectively. The upshift of binding energy (BE) for Pt after 
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thermal treatment relative to the as-prepared catalyst derives from the modification of the electronic structure and the downshift of d-band center position [44−46] . The similar trends are also found for other compositions, such as PtCoNi/C and Pt 2 CoNi/C (Fig. S3) . The high-resolution O1s XPS spectrum for the as-prepared PtCo 2 Ni 2 /C indicates the fitting peak at 531.5 eV associated with oxygen in -OH groups and the peak at 532.1 eV attributed to the physior chemisorbed water at the surface (Fig. S4) [47, 48] . The high-resolution XPS spectra of Ni2p of Pt 2 CoNi show BE values at 852.0 and 869.4 eV, which correspond to metallic Ni. However, due to the inner migration of Co atoms, we obtained the modest peaks of Co2p spectra (Fig. S5) . The atomic fraction of Pt, Co, and Ni in the near-surface region is measured by XPS as shown in Fig. 3b , revealing that more Pt atoms migrate to the outer surface (except C800 sample due to the sintering and coalescence of the NPs at such high temperature) due to the Kirkendall mass-transport effect and the different diffusion rates of migration of each metal in a diffusion couple [45, 49] . The energy-dispersive X-ray (EDX) line-scan analysis along the cross-section of PtCo 2 Ni 2 (treated at 600°C) further confirms the formation of the Pt-enriched surface structure (Figs 3c and d) . The same results were also observed in our previous work that thermal-treated CuPt tubes showed quite weak Cu redox peaks and led to the increase of the Pt atomic fraction i n the surface region [24] .
The ORR performances of the PtCo 2 Ni 2 /C catalysts were evaluated in O 2 -saturated 0.1 M HClO 4 solution on a glass carbon electrode (GCE) at room temperature (Fig.  4) . The hydrogen adsorption/desorption and Pt oxide oxidation/reduction peaks are obviously detected in Fig. 4a . The annealed PtCo 2 Ni 2 /C catalysts show the broaden peaks in the hydrogen adsorption region between 0−0.4 V compared with Pt/C, which is due to the shift of the d-band center of the surface Pt atoms after alloying with Co and Ni [22, 31, 50] and thus a weakened interaction between Pt and intermediate oxide species, releasing more active sites for O 2 adsorption [51] . In the case of ORR, the coverage of the adsorbed hydroxyl species (OH ad ) on the surface active sites will inhibit the O 2 adsorption and hinder the reaction. Upon the cyclic voltammetry (CV) curves of the catalysts, the Pt oxide oxidation peaks (0.8−1.0 V) have positive shifts relative to the Pt/C catalysts, suggesting that the PtCo 2 Ni 2 /C catalysts could promote the desorption of OH ad during ORR [52] . C600 catalyst shows the highest electrochemical surface area (ECSA) compared with other samples (Fig. 4b) . In contrast, C800 performs lowest ECSA due to the growth and ripening of the alloy NPs. The ORR onset potentials for C400, C600, and C800 catalysts are all more positive than Pt/C in the range of 0.9−1.0V. Furthermore, the E 1/2 of C400, C600 and C800 catalysts are 0.886, 
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0.890 and 0.876 V, respectively, indicating the distinctly enhanced ORR kinetics, and the ORR catalytic activity follows the order of C600 > C400 > C800 > Pt/C (Fig. 4c) . The kinetic currents are obtained from the ORR polarization curve at 0.9 V (vs. RHE) and normalized to the loading amount of Pt metal to compare the mass activity (MA, based on Pt) of the catalysts (Fig. 4d) . The C600 performs the largest MA of 122.17 A g −1 at 0.9 V, which is 1.1, 1.2, and 3.0 times larger than C400, C800, and the Pt/C catalyst. Due to the larger ECSA of C600, and a similar current density with C400 at 0.9 V, while the specific activity (SA) of C600 is a bit lower than C400. The SA of C400, C600, and C800 are 2.89, 2.63, and 2.56 mA cm −2 , which are much higher than that of Pt/C catalyst. The enhancement in the activity of the treated PtCo 2 Ni 2 /C catalysts could be due to the altered surface electron ic structure and negative shift of the d-band center position induced by alloying [53] . Furthermore, the electrochemical dealloying induced by rearrangement of the surface Pt atoms of the catalys t would provide highly active sites, which also make a great contribution to improve the catalytic activity (Figs S6 and S7) [31, 54] . Noted that compared with PtCo/C, PtNi/C, 
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PtCoNi/C, and Pt 2 CoNi/C in this system, the PtCo 2 Ni 2 /C catalyst showed a more positive half-wave potential and higher limited current density and thus faster ORR kinetics ( Figs S8 and S9) . We infer that the enhancement might be due to the electronic effect of the additional metal to bimetallic catalysts, which could further change the d-band center of Pt, thus facilitating the adsorption, activation or desorption of molecular oxygen [55] .
As a key concern for all catalysts, stability determines the practicability. To evaluate this, we performed accelerated durability tests (ADT) by potential cycling between 0.6 and 1.2 V (vs. RHE) for 10,000 potential cycles. As shown in Fig. 4e , the ECSA of C600 and C800 decrease slowly with increasing cycling times and remain more than 90% of the initial value after 5000 CV cycles. After 10,000 cycles, a loss of 13.2% for C800, 19.3% for C600, 25.8% for C400 are observed, comparing with a severe loss of 37.3% for the commercial Pt/C catalyst. Furthermore, the ORR polarization curve of Pt/C has a more negative shift than that of C600 after having been cycled (Fig. 4f) . The much better stabilities of the treated alloy catalysts are possibly due to the rearrangement of the near-surface Pt atoms which reduce the surface dangling bonds due to the leaching of Ni and Co [35, 56, 57] .
In summary, we report a one-step route for directly obtain carbon-supported PtCoNi ternary alloy NPs with tunable composition by simply changing the precursor compositions. It has been found that at higher annealed temperature, Pt and Ni atoms in PtCo 2 Ni 2 /carbon alloy will migrate to the outer surface to form a Pt-enriched surface structure, which exhibits superior ORR activities with the mass and specific activity about 3-fold higher than that of commercial Pt/C catalyst as well as excellent stability after 10,000 cycles. The high ORR performance of this new alloy catalyst is attributed to the favorable surface composition, the altered surface electronic structure, and also the depletion of surface Co, Ni atoms that induce rearrangement of Pt atoms on the near-surface. The present study holds the promise for designing low-Pt ORR catalysts with high performance by multi-alloy strategy. Furthermore, this route is simple, economic, and easily scaled up, which is highly required for the current PEMFC technology.
